We analyze the data on cross sections and asymmetries for the pd(dp) → η 3 He reaction close to threshold and look for bound states of the η 3 He system. Rather than parameterizing the scattering matrix, as is usually done, we develop a framework in which the η 3 He optical potential is the key ingredient, and its strength, together with some production parameters, are fitted to the available experimental data. The relationship of the scattering matrix to the optical potential is established using the Bethe-Salpeter equation and the η 3 He loop function incorporates the range of the interaction given by the empirical 3 He density. We find a local Breit Wigner form of the η 3 He amplitude T below threshold with a clear peak in |T | 2 , which corresponds to an η 3 He binding of about 0.3 MeV and a width of about 3 MeV. By fitting the potential we can also evaluate the η 3 He scattering length, including its sign, thus resolving the ambiguity in the former analyses.
lar conclusions were drawn), though with larger widths than binding energies. For instance, for 12 C, binding B E = 9.7 MeV and width Γ = 35 MeV were found with the preferred energy-dependent potential. Assuming that these two magnitudes scale roughly with the mass number, for 3 He we could expect B E ≃ 2.4 MeV, Γ ≃ 8.7 MeV, though the width could be somewhat smaller than this because the relative weight of twobody η absorption should be smaller in 3 He than in 12 C. On the other hand, some theoretical calculations for light systems predict B E of around 1 MeV or less and Γ = 15 MeV for η 3 He [23] . The fact that the widths are expected to be much larger than the binding might be the reason why so far, we have no conclusive evidence for any of these bound states [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
The data on the pd(dp) → η 3 He total cross section show a sharp rise from threshold before becoming stable at an excess energy of about Q = 1 MeV, keeping this constant value up to about 10 MeV [25, 39] . These data have been analyzed before in Refs. [25, 26] . In Ref. [25] only an s-wave amplitude for η 3 He was considered, while in Ref. [26] the s-wave and p-wave interference data were considered in order to further constrain the η 3 He amplitude. This analysis suggested a pole with a binding energy of around 0.3 MeV and with a very small width.
In the present work, we describe an alternative method of analysis, following the algorithms used in the chiral unitary approach. This allows one to produce an η 3 He amplitude that is fully unitary and with proper analytical properties, without the approximations, or assumptions, made in Refs. [25, 26] . Our approach does not pre-assume any particular form of the amplitude but rather generates it from an η 3 He potential, which is what is fitted to the data. The T -matrix then arises from the solution of the Lippmann-Schwinger equation though, for convenience, we use the Bethe-Salpeter equation (BSE), which allows us to keep relativistic terms.
In our approach we can relate the parameters of the potential to the ηN scattering length and this provides a valuable constraint. The ηN scattering length in the chiral unitary approach is estimated to be a ηN = (−0.264 − i0.245) fm in Ref. [20] , and a ηN = (−0.20 − i0.26) fm in Ref. [11] . Other approaches include the results of Ref. [40] with a ηN = (−0.87 − i0.27) fm and those of Ref. [41] with a ηN = (−0.691 − i0.174) fm in one option and a ηN = (−0.968 − i0.281) fm in another. A different version by the same group yielded a ηN = (−0.910 ± 0.050 − i(0.290 ± 0.04)) fm [42] . An interesting result is the constraint on Im(a ηN ) from the optical theorem and the inelastic cross section of πN → ηN [42] , |Im(a ηN )| ≥ (0.24 ± 0.02) fm.
Some parameters that we fit to the data can be related, at least approximately, to a ηN , and this will be used as a consistency check of the results. As we shall see later, the output of our calculations leads to an η 3 He optical potential from which we deduce a value of a ηN that is basically consistent with experimental information. With this optical potential we solved the BSE for the η 3 He system and found an η 3 He bound state with a binding energy of around 0.3 MeV and a width of around 3 MeV, with reasonable uncertainties. We can therefore claim that the data of the pd(dp) → η 3 He reaction close to threshold provide evidence of a very weakly bound η 3 He state.
II. FORMALISM

A. The η 3 He interaction
Let us depict diagrammatically the pd → η 3 He process. This is done in Fig. 1 . The η 3 He scattering amplitude is given by the diagrams depicted in Fig. 2 , and formally by
where V is the η 3 He optical potential, which contains an imaginary part to account for the inelastic channels In many body theory it is known that at low densities the optical potential is given by,
where t ηN is the forward ηN amplitude andρ( r) is the 3 He density normalized to unity. Eq. (2) is relatively accurate in many body physics, but here we are more concerned with the fact that it provides the realistic range of η-nucleus interaction, since the η can interact with all the nucleons in the nucleus distributed according to ρ( r).
In momentum space the potential is given by
where F ( q) is the 3 He form factor,
and F ( 0) = 1. A good approximation to this form factor at small momentum transfers is given by a Gaussian,
where β 2 = r 2 /6. This mean-square radius corresponds to the distribution of the centers of the nucleons and, after correcting for the nucleon size, this leads to an experimental value of β 2 = 13.7 GeV −2 [44] . Due to the form factor, the optical potential in Eq. (3) contains all partial waves. There are other sources for the p-waves and these will be treated later in an empirical way. After integrating over the angle between p ′ η and p η , the s-wave projection of the optical potential becomes
The term 2β 
with √ s being the invariant mass of the η 3 He system,
We have here takenṼ instead of 3t ηN for more generality.
By expanding T in Eq. (7) as V +V GV +V GV GV +... we can see that all terms with G contain e −2β
2 | q| 2 and that the factors e
2 can be factorized outside the integral. Hence, the T matrix can be factorized in the same way as V , and we have
The Bethe Salpeter equation becomes then algebraic
with
In Fig. 3 , we show the real and imaginary parts of the loop function G as a function of the excess energy Q (Q = √ s − m η − M3 He ). In the normalization that we are using, the η-nucleon and η- 3 He scattering lengths are related to the t-matrices
The strategy that we adopt is to fitṼ to the pd(dp) → η 3 He data and then see how differentṼ is from 3t ηN by evaluating (13) and comparing it to the theoretical value of a ηN . After obtaining the best value forṼ , we then plot
and investigate |T | 2 below threshold to identify a bump and its width. From this we can determine roughly the position and width of the bound state. The more precise determination is done by plotting Re(T ) and Im(T ), and we see that in a narrow range of Q they are consistent with a Breit Wigner form
where g is constant and M R and Γ are the mass and width of the η 3 He bound state.
III. PRODUCTION AMPLITUDE IN THE s-WAVE
Following the formalism of Ref. [26] , we write for the pd → η 3 He transition depicted as a circle in Fig. 1
where ǫ is the polarization of the deuteron, σ denotes the Pauli matrix standing for the spin of the proton, and p is the momentum in the initial state. This amplitude has the initial-state p-wave needed to match the η(0 − ) 3 He(1/2 + ) with the d(1
[26] A = B was taken, which is consistent with the SPESIV experiment [45] , but there is no loss of generality for the total cross section if another choice is made.
Some extra information on these parameters is obtained from Ref. [46] , where the ratio |A|/|B| was found to be constant of the order of 0.9 for Q < 10 MeV. The choice A = B can be interpreted as having the dp system in spin 1/2, according to the study done in Ref. [47] , where the analogous conjugate reaction Λ b → J/ψK 0 Λ was studied.
With similar arguments to those used to derive Eq. (3), we can justify that V P in Eq. (16) 
where in the last step we have used Eq. (1). The cross section then becomes
This means that, in the analysis of the total cross section with only s-waves, we can, without loss of generality, take A = B and real. This will allow us to perform a fit to the data up to an excess energy Q = 2 MeV, where the pwave effects are negligible, and thus determineṼ . From these, by means of Eq. (9), we shall determine T and investigate its structure below threshold.
IV. THE INCLUSION OF p-WAVES
Following once again the approach of Ref.
[26], we assume an η-3 He p-wave production amplitude
This amplitude will be taken empirically and once again there is support for C = D from the experiment of Ref. [45] . Hence we take A = B and C = D as in Ref. [26] . As in Ref. [26] we shall also take into account the sand p-wave interference by means of the asymmetry parameter α defined as
By means of Eqs. (17) and (20) we obtain
from which we find that
In addition, the total cross section of Eq. (18) becomes
Equations (23) and (24) are used to fit the experimental data on the dp → η 3 He total cross section and asymmetry parameter α of Ref. [25] .
The value ofṼ obtained from the s-wave analysis was used as a starting value for the global fit but the resulting parameter does not differ significantly from that found in the s-wave analysis.
V. RESULTS
A. s-wave analysis
First, we perform three-parameter (A = B = r A and V = Re(V ) + iIm(V )) χ 2 fits to the experimental data on the total cross sections of the pd(dp) → η 3 He reaction below Q = 2 MeV. The main purpose of this part of the fit is to provide starting values for the parameters of the global fit, where the full measured range in Q is used.
B. Results including the p-wave
We next perform six-parameter (A = B = r A , C = D = r C e iθ (1 + γQ), andṼ = Re(V ) + iIm(V )) χ 2 fits to the experimental data on the total cross sections and asymmetry of the pd → η 3 He reaction [25] . The values of the resulting parameters are collected in Table I . 
Note that the strategy of fitting an optical potential to the data instead of the usual t-matrix parametrization used in previous works, allows us to determine the sign of the real part of the scattering lengths. The fit yields an attractive potential, which is consistent with all theoretical derivations of t ηN , together with the t ηNρ ( r) assumption for the optical potential.
It is interesting to see that the errors for a η 3 He are relatively large. This is in fact not surprising, since in Ref. [26] a η 3 He = (±10.9 − i1.0) fm was obtained from the ANKE data, while in Ref. [39] the COSY-11 collaboration reported a η 3 He = (±2.9−i3.2) fm, though without taking beam smearing effects into account. Nevertheless, the two raw data sets are compatible.
It is also interesting to mention that results for a η 3 He similar to those in Eq. (26), (2.3, −i3.2) fm, were found from the simultaneous analysis of much cruder data for the pd → η 3 He and dd → η 4 He reactions, making fits in terms of an optical potential [30] . The fitted dp → η 3 He total cross sections compared with experimental data [25, 39] .
The fitted total cross sections reproduce well the experimental data shown in Fig. 4 . In Fig. 5 we show the detail of this fit in the Q < 2 MeV region. Note that Eq. (24) is only valid for Q > 0. Due to experimental resolution and beam momentum spread, some data in Figs. 4 and 5 appear below threshold. These data are corrected by inverting the implicit convolution of the real cross sections with the experimental resolution as carried out by the ANKE collaboration (see more details in Ref. [25] ). The corrected data are shown in Figs. 4 and 5 by blue triangles. These are obtained by shifting the experimental data to the deconvoluted distribution of Ref. [25] .
The fitted results of the asymmetry parameter α shown in Fig. 6 also describe well the experimental data.
We next turn our attention to the η 3 He → η 3 He scattering amplitude. In Fig. 7 , we depict |T | 2 obtained with the fitted parameters given in Table I , as a function of Q. We see a qualitative picture of a very weakly bound state of η 3 He system. The fitted dp → η 3 He total cross sections below Q = 2 MeV compared with experimental data [25, 39] . In order to make more quantitative statements, we plot in Fig. 8 the real and imaginary parts of T . We see that at Q = −0.3 MeV Re(T ) goes from negative to positive passing through zero, Im(T ) is negative, and −Im(T ) has a peak. In a narrow window around 0.3 MeV this amplitude has the simple Breit-Wigner form of Eq. (15) with an energy M R corresponding to a binding B E = 0.3 ± 0.1 MeV and a width Γ = 3.0 ± 0.5 MeV. The errors quoted here are derived from those of the fitted potential listed in Table I . The binding is determined from the zero of Re(T ) and the width from Im(T ). For this we write the ratio of the real and imaginary parts of T which, following Eq. (15), become:
where B E is the binding energy (positive) of the η 3 He system. Our results for R shown in Fig. 9 allow us to estimate easily the values of B E and Γ. The binding is very small and the width is much larger than the binding, in line with other theoretical studies of η bound in nuclei.
C. Systematic uncertainties
Two tests have been carried out to provide some indication of the systematic uncertainties and the stability of the results.
Although the nuclear density used to determine the G function of Eq. (10) is one of the important points of the analysis, we have tried a G function with a cut off of 300 − 400 MeV and conducted the fit again. It is well known that changes in G can be approximately absorbed inṼ to obtain the same T matrix. This is the case here and we find that such large changes in G induce only changes of the order of 0.05 MeV in the binding energy and 0.4 MeV in the width. Another test that we have undertaken is to assume an energy dependence of the parameters A and B that could arise from the basic in pd → η 3 He production mechanism. For this we have taken a form (1+γ ′ Q) with γ ′ sufficiently small that for Q < 10 MeV the changes in |A| 2 and |B| 2 did not exceed 20%. The resulting changes in the binding energy and width were very small, being of the same order of magnitude as those induced by the changes in G. Compounding these systematic effects in quadrature, we conclude that
where the first errors are statistical and the second systematic.
VI. CONSIDERATIONS ON POLES OF THE AMPLITUDE
Let us suppose that a microscopic theory, where the decay channels are known, produces an amplitude like that in Eq. (15) , which corresponds to a resonance. It is customary to assume that this amplitude has a pole at √ s = M R − iΓ/2, and this would be true if Γ were constant. In a dynamical theory this no longer follows. To see this, consider the case of an s-wave resonance where there is just one decay channel and Γ is proportional to the momentum p of the decay products in the resonance rest frame. If √ s is made complex, then so is p and one does not find a solution to √ s − M R + iΓ/2 = 0. A solution may be obtained by changing p → −p, which defines the second Riemann sheet.
However, when one has only an optical potential, as in the present case, one does not know the explicit channels contributing to the imaginary part and their strength and the different Riemann sheets are not defined. The only possibility to find poles is to change √ s to a complex value, with the same optical potential, and look for a pole of the amplitude. Imagine that we have an amplitude of the Breit-Wigner type of Eq. (15) , valid in a range of values of √ s, let us say M R ± Γ. In this case the amplitude has a pole at √ s = M R − iΓ/2. Since our amplitude behaves like a Breit Wigner in a certain range of energies (see Fig. 8 ), we might think that it has a pole at −B E − iΓ/2 (see Eqs. (28) and (29)). However, for this to be true the range of the validity of the formula should stretch in an interval of about 6 MeV, when in reality it is barely valid in a range of 0.3 MeV. As a consequence, we do not find a pole at −B E − iΓ/2 and, instead, we find it at Q = (1.5 − i0.7) MeV, i.e., in the unbound region.
With the definition that a bound state corresponds to a pole of the amplitude below threshold, the potential that we obtain would not produce a bound state. Solving the Schrödinger equation with bound-state boundary conditions would not have led to a solution since it would be equivalent to having a pole below threshold. This is indeed the situation of Ref. [23] where, for values of Re(a The potential that we have found does not produce a pole below threshold and so, with the conventional definition, there is no bound state. The search could stop at this point but this would be premature since one then misses all the information that we have found about the amplitude below threshold, as shown in Figs. 7 and 8 . If an experimentalist observed a structure of |T | 2 similar to that in Fig. 7 he would conclude that there was a bound state below threshold. From the practical point of view this may have more relevance than the existence of a pole in the unbound region and on a complex plane that is not experimentally accessible. The fact that, with the potential that we have derived, there is a pole in the unbound region, might lead one to think that there is a resonance around that pole position. This would be the wrong conclusion. We consider that it is more appropriate to study the peak structure of the amplitude below threshold and this is the attitude we have taken here.
VII. SUMMARY AND CONCLUSIONS
We have performed an analysis of data on the pd(dp) → η 3 He reaction close to threshold. These consist of total cross sections and angular asymmetries up to an excess energy of 10 MeV. Unlike former approaches that make a parametrization of the amplitude, we express the observables in terms of an optical potential from which the η 3 He scattering amplitude is evaluated. The T matrix is evaluated from the potential using the Bethe-Salpeter equation and the loop function G of the intermediate η 3 He state. This reflects the range of the η 3 He interaction, as given by the empirical density of the 3 He nucleus. The results lead to a structure of the T matrix that is quite different from the usual parametrizations of the data.
The potential and other parameters related to the production vertices are fitted to the data and in this way we deduce that there is a weakly bound η 3 He state with binding energy of the order of 0.3 MeV and a width of the order of 3 MeV. We also obtain an η 3 He scattering length of the order of (2.2 − i4.9) fm. It is important to note that the fit in terms of the potential resolves an ambiguity in the sign of the real part of a η 3 He that was present in previous analyses.
In summary, the new approach to the analysis of the pd(dp) → η 3 He data close to threshold has proved quite useful and has been able to provide information on a bound state of the η 3 He system. This agrees with previous theoretical work that the width of the bound state should be significantly larger than the binding. A peak in |T | 2 is predicted below threshold and this might in principle be detected experimentally in some breakup channel of the pd system. However, one must anticipate that the background from other sources, where the bound state is not produced, could be very large and obscure any signal.
